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1Student, M. Tech. Department of Petrochemical Tech., Laxminarayan Institute of Technology, Nagpur, India 2Senior Scientist, Solid and Hazardous Waste Management Division, CSIR-NEERI, Nagpur, India 3Associate Professor, Department of Petrochemical Tech., Laxminarayan Institute of Technology, Nagpur, India 4Junior Research Fellow, Solid and Hazardous Waste Management Division, CSIR-NEERI, Nagpur, India  Abstract Pyrolysis is thermal treatment of solid waste in the absence of an oxidizing agent (in inert atmosphere) which generally yields three products namely pyrolysis-oil (liquid), char (solid residue) and gas. The products obtained in pyrolysis can be further used as energy source. Rice husk and saw dust are considered as solid wastes in this study. The effect of temperature and pressure on pyrolysis was studied in a fixed bed reactor. The experimental runs were performed in nitrogen atmosphere. The temperature was varied from 300°C to 500°C, while the operational pressure was fixed at 4 bar, 7 bar and 10 bar. The products such as solid char, liquid pyrolysis oil and syngas were obtained. The solid char was characterized by CHNS analysis, while the pyrolysis oil was characterized by FTIR analysis,  Keywords- Rice Husk; Saw Dust, Pyrolysis; Pyrolysis-Oil; Char; 
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1. INTRODUCTION 
Rigorous research on renewable energy sources is gaining attention for upcoming energy systems. Biomass has a great potential to replace the usual energy sources [1]. Only small amount of agro-waste biomass is used as feed in animal husbandry and huge amount of biomass is dumped into fields and landfills or used as paving material that causes environmental problems [2]. Pyrolysis is a type of thermal treatment that converts biomass in liquid (pyrolysis-oil), char, and syngas in absence of oxygen [3]. Biomass can be pyrolyzed to yield solid char, liquid pyrolysis oil, and syngas which may be used as fuels and chemicals for various purposes [4]. Pyrolysis is nowadays, a new type of solid waste utilization technique for transformation of biomass and waste material of low-energy density into pyrolysis oil of high-energy density with recovery of higher value chemicals [5]. Bio-char may also be used for soil amendments [6]. Biomass such as rice husk and sugarcane bagasse are preferred due to ease of availability, collection and transportation and are used in boilers for combustion [7].  The pyrolysis oils are composed of a range of chemicals including cyclopentanone, methoxy phenol, acetic acid, methanol, acetone, furfural, phenol (aromatic ring), formic acid, levoglucosan, guaiacol and their alkylated phenol derivatives. The structural components of the biomass samples mainly affect the products of pyrolytic degradation [8, 9]. The major components of gas evolved during pyrolysis were CO, CO2 and H2O at lower temperatures, while lower concentrations of CO, CO2, H2O, H2, and CH4, C2H6 and oil were evolved at higher temperatures [10]. The pyrolysis temperature has a significant effect on product distribution, while heating rate plays a less effective role on 
product distribution and yields of products. For example in case of waste paper, it has been reported that the pyrolysis oil yield was 49.13 % at 420°C with heating rate of 30°C min-1 than at lower temperatures [11]. Particle size also plays an important role in product yield. Islam et. al. have reported that the  pyrolysis of nutshells yielded maximum oil at 500°C for feed size of 300-600µm [12]. Punsuwan et al. have identified effect of temperature (250–1050°C) and particle size (0.18–1.55 mm) on yield of pyrolysis products in palm shell, palm kernel and cassava pulp concluded that higher temperature and smaller particle size caused an increase in the gas yield with decrease in the char yield [13]. It has also been reported that the presence of moisture affects the char yield  [14].  Some researchers have reported a 52% pyrolysis oil yield at 400°C from pyrolysis of waste cup and their FTIR results showed that oil contained C6-C20 carbon chain compounds [5]. While another result showed that a linear chain of hydrocarbons (C13-C25) was obtained [15]. Similarly pyrolysis of bicycle tire at 600°C yielded 49 % pyrolysis oil at heating rate of 20°C/min [16].  Pyrolysis of para rubber seeds yielded 38.22% pyrolysis oil at 450°C, having calorific values 22.11 MJ/kg [17]. Some researchers have reported that the pyrolysis of jack fruit peels yielded  52.6 % pyrolysis oil within the temperature range of 400°C to 600°C [18]. Guo et. al have reported that the thermal stability of pyrolysis oil was better in the light fraction, but worse in the middle and heavy fractions [19]. Another research showed that, fast pyrolysis at constant high temperature favored maximum oil yield and decreased char yield [20]. Some researchers have reported that catalytic (ZSM-5 catalyst) pyrolysis of rice husk, yielded less liquid of reduced oxygenated content [21]. High pressure pyrolysis 
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favored formation of a foam type of char structure and char formation decreased under pressurized conditions [22]. Melligan et al. have reported the pyrolysis of miscanthus x gigantues from ambient pressure to 26 bar pressure, in nitrogen atmosphere and ambient temperature to 550°C at rate of 13°C/min showed that the pyrolysis oil was formed with water and phenol derivatives [23].  2. EXPERIMENTAL METHODOLOGY 
The feed material for pyrolysis was collected from various sources. The rice husk sample was obtained from a rice mill from Chhattisgarh, India; while the saw dust samples taken from local carpentry shop, Nagpur. The proximate and ultimate analysis of rice husk and saw dust were done and the results are shown is shown in table 1 and table 2. Table 3 shows the experimental conditions.  Table 1:  Proximate analysis of rice husk and saw dust 
Characteristics Rice husk Saw dust 
Moisture 6.47 % 6.50 % 
Combustible Matter 81.90 % 80.19 % 
Ash 11.71 % 11.81 % 
 Table 2:  Ultimate analysis of rice husk and saw dust 
Component % by weight dry ash free basis Rice husk Saw dust 
C 48.69 % 47.20 % 
H 6.97 % 6.50 % 
N 0.37 % 0.012 % 
O 43.94 % 45.40 % 
  
Table 3: Experimental conditions of pyrolysis of rice husk and saw dust 
Run No. Feed Temperature (°C) Pressure (bar) 
1 Rice husk 400 °C 4 bar 2 Rice husk 400 °C 7 bar 3 Rice husk 400 °C 10 bar 4 Saw dust 400 °C 4  bar 5 Saw dust 400 °C 7 bar 6 Saw dust 400 °C 10 bar 7 Saw dust 500 °C 4 bar 8 Saw dust 500 °C 7 bar 9 Saw dust 500 °C 10 bar 10 Rice husk 300 °C 7 bar 11 Rice husk 400 °C 7 bar 12 Rice husk 500 °C 7 bar  2.1 Experimental Procedure 
The pyrolysis of rice husk and saw dust was done in a fixed bed reactor system. The reactor tube had one gas inlet on the top side that was used for passing nitrogen gas in the reactor. An inconel tube reactor of dimensions 600mm in length and 52 mm diameter was used; in which the length of the heating zone was 500 mm. All the experimental runs were carried out in nitrogen (inert) atmosphere. An electrical furnace with auto tuning PID controller and K-type thermocouples was used for heating the inconel reactor. A back pressure regulator was used to monitor and control the reaction pressure. Samples of 75 gms were used in each experiment, while the residence time was fixed at 2 hours. The pyrolysis of biomass samples  was performed at three pressure separately i.e. 4 bar, 7 bar and 10 bar, at 400°C, while in some cases the temperature of 300°C  and 500°C were also tried. Figure 1 shows the experimental setup for pyrolysis. 
 Fig 1:  Fixed Bed Reactor Unit 
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The products were discharged in gas solid separator (cyclone separator), and then finally passed through chilled water condenser.  3. RESULT AND DISCUSSION 
3.1 Product Distribution 
In general it was observed that the pyrolysis yielded three different products as solid (char), liquid (pyrolysis oil) and gaseous (syngas).  The figure 2 shows products obtained in pyrolysis of biomass (saw dust).  
 Fig 2: Product yield in pyrolysis of biomass (Saw dust) 
3.2 Product Analysis and Characterization 
Yield of each pyrolysis products was calculated by following formula:  
Liquid Yield   =    ࢃࢋ࢏ࢍࢎ࢚ ࢕ࢌ ࡸ࢏࢛ࢗ࢏ࢊ ࡼ࢘࢕ࢊ࢛ࢉ࢚ࢃࢋ࢏ࢍࢎ࢚ ࢕ࢌ ࢏࢔࢏࢚࢏ࢇ࢒ ࢖࢟࢘࢕࢒࢙࢟࢏࢙ ࢓ࢇ࢚ࢋ࢘࢏ࢇ࢒   X ૚૙૙%  
Solid Yield   =      ࢃࢋ࢏ࢍࢎ࢚ ࢕ࢌ ࡿ࢕࢒࢏ࢊ ࡼ࢘࢕ࢊ࢛ࢉ࢚ࢃࢋ࢏ࢍࢎ࢚ ࢕ࢌ ࢏࢔࢏࢚࢏ࢇ࢒ ࢖࢟࢘࢕࢒࢙࢟࢏࢙ ࢓ࢇ࢚ࢋ࢘࢏ࢇ࢒   X ૚૙૙%  % yield of gas product = 100 – {(% yield of liq. prod.) + (% yield of solid product.) The percentage of product yield was calculated at respective experimental condition shown in table 4.     
 Table 4: Product distribution of pyrolysis of rice husk and saw dust. 
Run No. Feed Feed conditions Solid (%) Liquid (%) Gas (%) 1 Rice husk 400 °C, 4 bar 49.53 14.66 35.81 2 Rice husk 400 °C, 7 bar 52.86 17.60 29.54 3 Rice husk 400 °C, 10 bar 49.21 26.40 24.39 4 Saw dust 400 °C, 4  bar 32.13 21.97 45.9 5 Saw dust 400 °C, 7 bar 32.00 23.81 44.19 6 Saw dust 400 °C, 10 bar 31.73 27.48 40.79 7 Saw dust 500 °C, 4 bar 30.93 23.81 45.26 8 Saw dust 500 °C, 7 bar 29.94 25.64 44.42 9 Saw dust 500 °C, 10 bar 30.13 27.48 42.39 10 Rice husk 300 °C, 7 bar 63.58 22.00 14.42 11 Rice husk 400 °C, 7 bar 44.86 19.06 36.08 12 Rice husk 500 °C, 7 bar 32.29 14.66 53.05  Table 4 shows the variation in the weight of liquid, char and gaseous products at different temperatures. In case of rice husk samples, the maximum liquid product yield was obtained at 300°C and 7 bar.       
3.2.1 Effect of Pressure 
Table 5 shows the effect of pressure on the pyrolysis biomass (rice husk and saw dust).  The operating pressure was fixed as 4 bar, 7 bar and 10 bar, while temperature was maintained constant. The liquid product yield was highest at higher pressure (10 bar) at all temperature conditions in cases (run 3, 6, 9 respectively). It was also seen from the result that high pressure favored increase in yield of the liquid product. 
 Table 5: Effect of pressure on pyrolysis of rice husk and saw dust. 
Run No. Feed Char weight (gm) Liquid (ml) Combustible Liquid (ml) Time (hr) 1 Rice husk 37.15 gm 18 ml 10 ml 2 hr 2 Rice husk 39.65 gm 20 ml 12 ml 2 hr 
3 Rice husk 36.91 gm 22 ml 18 ml 2 hr 
4 Saw dust 24.10 gm 22 ml 12 ml 2 hr 
5 Saw dust 24.00 gm 24 ml 13 ml 2 hr 
6 Saw dust 23.80 gm 26 ml 15 ml 2 hr 
7 Saw dust 23.20 gm 23 ml 13 ml 2 hr 
8 Saw dust 22.46gm 25 ml 14 ml 2 hr 
9 Saw dust 22.60 gm 27 ml 15 ml 2 hr 
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3.2.2 Effect of Temperature 
Table 6 shows the effect of temperature on pyrolysis of rice husk, (Run 10, 11, 12). It is seen that with the increase in 
temperature; the syngas yield increased but the char yield decreased. 
 Table 6: Effect of temperature in pyrolysis of rice husk 
Run No. Feed Char weight (gm) Liquid (ml) Combustible Liquid (ml) Time (hr) 
10 Rice husk 47.69 gm 24 ml 15 ml 2 hr 
11 Rice husk 33.65 gm 20 ml 13 ml 2 hr 
12 Rice husk 24.22 gm 18 ml 10 ml 2 hr 
 3.3 Characterization of Pyrolysis Oil 
3.3.1 Physical Properties of Pyrolysis Oil 
The physical properties of pyrolysis oil obtained at different pressures in pyrolysis of rice husk and saw dust are shown in table 7. 
 Table 7: Properties of pyrolysis oil from rice husk and saw dust. Sr. no. Properties Rice husk Saw dust 1 pH 3.1 3.4 2 Density 1.1 gm/ml 1.38 gm/ml 3 Viscosity  40°C 120 red wood seconds 126  red wood seconds 4 Solid 22 % 21.45% 5 Ash 9.12% 9.736% 6 Water 43 % 43.34% 7 Flash point 62°C 61°C 8 Pour point Below -1°C Below-1°C  3.3.2 Chemical Properties of Pyrolysis oil. 
3.3.2.1 FTIR Analysis of Pyrolysis oil 
The results of FTIR analysis of pyrolysis oil are shown in figures 3, 4 and 5. It shows the functional groups present in the oil. Table 8 shows the functional groups present in 
pyrolysis oil at different pressure and temperature conditions. The functional groups show the presence of hydrocarbon and organic components in the oil. Hence pyrolysis oil may useful as chemical feed stock or as fuel.  3.3.2.1.1 Pyrolysis oil analysis at 500 °C and 7 bar 
 Fig 3: FTIR result of saw dust pyrolysis oil  (At 500°C and P =7 bar)
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3.3.2.1.2 Pyrolysis oil analysis at 400°C and 10 bar 
 Fig 4: FTIR result of rice husk pyrolysis oil  (400°C and P =10 bar)  3.3.2.1.3 Pyrolysis oil analysis at 500 °C and 10 bar 
 Fig 5: FTIR result of saw dust pyrolysis oil  (At 500°C and P = 10 bar) 
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Table 8: FTIR analysis of Pyrolysis oil Wave number (Frequ- ency) cm-1 
Group [24] Class of compound  
Rice husk Saw dust 400°C 10 bar 500°C 7 bar 500°C 10 bar 
3650-3100 O-H stretching Polyrimic O-H water impurities 3371.28 3324.55 3344.01 
3000-2800 C-H stretching Alkanes 2916.76 2839.69  
2100-2260 -C≡C- Alkynes  2100 2113.04 
1775-1680 C=O stretching Ketones, Aldehyde, Carboxylic acid 1704.42  1633.23 
1575-1425 C=C stretching Alkenes 1516.06  1556.25,1503.09,1462.09 
1425-1325 -NO2 stretching Nitrogenous compound 1383.47 1412.27 1409.50 
1300-1175 C-H Bending  Alkanes 1269.31  1276.09 
1150-1000 C-O stretching O-H bending 1°,2°,3° alcohols, Phenol, Ester and Ether 1014.93 1037.27 1016.18 
500-600 C-Br Alkyl Halide 579.63 595.15  
 3.3.2.2 CHNS Analysis of Solid Char 
The solid char obtained in pyrolysis was characterized by CHNS analysis. The results are shown in table 9. Table 9: CHNS analysis of solid char obtained at different pressure and temperature conditions. 
Feed Pressure and temperature conditions Rice husk Saw dust 
Elements 400°C 10 bar 500°C 7 bar 500°C 10 bar 
C 54.54 69.69 69.8 
H 3.940 4.054 4.270 
N 0.277 0.277 0.363 
S 0.088 0.188 0.163 
 3.3.2.3 Calorific Value of Solid Char 
The solid char obtained were analyzed by bomb calorimeter to determine its calorific value. Table 10 shows calorific value of char at various pressure and temperature conditions.  Table 10:  Calorific value of solid char (saw dust). 
Sr. No. Temperature, Pressure Calorific value 
1 400°C, 10 bar 13.12 MJ/ Kg 
2 500°C, 7 bar 14.21 MJ / Kg 
3 500°C, 10 bar 14.35 MJ / Kg 
 
4. CONCLUSION 
Pyrolysis has proved to be one of the best  technique for converting solid waste to useful products. The pressure and temperature have significant effect on pyrolysis. Increase in pressure favored the pyrolysis oil yield, where as increase in temperature decreased the oil yield.  The maximum pyrolysis oil was obtained at high pressure (10 bar) and 500°C (27.48 % for saw dust), and the FTIR results confirmed the presence of hydrocarbons in pyrolysis oil. The products obtained can be used as chemical feed stock, fuel or as energy source.  REFERENCES 
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